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The use of site-competition epitaxy, which is based on intentional variation of the Si/C ratio during
epitaxy, has now been reproduced in numerous national and international laboratories. Presented
in this paper is a summary of the site-competition technique as a comparison of controlled doping
on C-face 6H-SiC(0001) versus Si-face 6H-SiC(0001) substrates for phosphorous (P), aluminum
(Al), boron (B), and nitrogen (N). Also reported herein is the detection of hydrogen in boron-doped
CVD SiC epilayers and hydrogen-passivation of the boron-acceptors. Results from low temperature
photoluminescence (LTPL) spectroscopy indicate that the hydrogen content increased as the C-V
measured net hole concentration increased. Secondary ion mass spectrometry (SIMS) analysis re-
vealed that the boron and the hydrogen incorporation both increased as the Si/C ratio was sequen-
tially decreased within the CVD reactor during epilayer growth. Boron-doped epilayers that were
annealed at 1700 °C in argon no longer exhibited hydrogen-related LTPL lines, and subsequent
SIMS analysis confirmed the outdiffusion of hydrogen from the boron-doped SiC epilayers. The
C-V measured net hole concentration for the B-doped epitaxial layers increased more than three-
fold as a result of the 1700 °C anneal, which is consistent with hydrogen passivation of the boron-
acceptors. For N-doped epitaxy, N incorporation into C-sites is favored on the Si-face whereas N
incorporation into the Si-site is apparently the preferred lattice site on the C-face. Both P and N
exhibit preferred incorporation on the C-face while Al and B incorporation is more efficient on the
Si-face.

1. Introduction

In order to ensure reproducible and reliable SiC semiconductor device characteristics,
controlled dopant incorporation must be accomplished. Unlike the doping technology
routinely used in the silicon semiconductor industry, it is well known that SiC cannot be
efficiently doped by diffusion at typical SiC epitaxial growth temperatures. Doping of
SiC epitaxial layers of a device structure is accomplished in situ during the crystal
growth of each epitaxial layer by flowing either a specific p-type or n-type dopant source
into the CVD reactor. The most common p-type sources are trimethylaluminum (TMA)
and diborane (ByHg) for obtaining Al-doped and B-doped SiC, respectively. Nitrogen
(N3) is the most common n-type dopant whereas phosphorus-doping (using PHj) for
producing n-type SiC epitaxial layers is less common. However, control over net dopant
incorporation for CVD SiC epilayers by simply increasing or decreasing dopant-source
flow (i.e. reactor concentration of dopant species) during epitaxial layer growth is
limited both in reproducibility and in attainable doping range. This doping range was
typically limited between Np =2 x10% to 5x 10¥cm™ for n-type and from
Np ~2x10%em™ to 1 x 10" em™2 for p-type 6H-SiC epilayers [1].

Both the reproducibility and doping range has been greatly improved with the discov-
ery of the site-competition epitaxial technique [2], which is based on varying the
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Si-source to C-source ratio (Si/C ratio) within the crystal growth reactor to control the
dopant incorporation during SiC epitaxial layer (epilayer) growth. Control of dopant
incorporation is accomplished by varying the Si/C ratio within the growth reactor to
effectively exclude or enhance a particular dopant atom from either a Si lattice site
(Si-site) or C lattice site (C-site) of the growing SiC epilayer. As previously reported [3],
the proposed mechanism for site-competition epitaxy on 6H-SiC(0001) Si-face substrates
is based on the experimental evidence that Al dopant incorporation is inversely releated
to the Si/C ratio, whereas the N dopant incorporation is directly related to the Si/C
ratio within the reactor during epilayer growth. Site-competition epitaxy has been re-
ported for control of nitrogen, phosphorus, aluminum, and boron dopant incorporation
for the CVD of SiC(0001) Si-face and C-face epilayers [2 to 5]. The use of this technique
has also been reproduced on SiC(0001) Si-face substrates in other laboratories using
either propane [6, 7] or methane [8] in atmospheric and low pressure CVD systems, as
well as reproduced [9] on SiC(1210) a-face substrates. Use of this technique has enabled
an expansion of the reproducible doping ranges to include decreased concentrations
(Np <1 x 10" em™3) for the fabrication of multi-kilovolt SiC power devices, whereas
the availability of greater doping concentrations (Np > 5 x 10* em ™) has resulted in
devices with increased performance because of lower parasitic resistances. For example,
use of site-competition epitaxy has led to improved device performance which includes
the first multi-kilovolt rectifiers [10], ohmic as deposited contacts [11], and high tempera-
ture JFETSs [12].

2. Experimental

The 6H-SiC epilayers were grown on commercially available n-type 6H- and 4H-
(0001)SiC Si-face and C-face 6H-(0001)SiC boule-derived wafers [13] in an atmospheric
pressure CVD system [14, 15], with a typical growth rate of 3 to 4 pm/h. The SiC sub-
strates were precleaned using a standard degreasing solution, followed by immersion in
boiling sulfuric acid for 10 min, with a final deionized-water rinse and then dried with
filtered nitrogen. The cleaned substrates were placed onto a SiC-coated graphite suscep-
tor and then loaded into a water-cooled fused-silica reactor using a fused-silica-carrier.
The samples were heated via the RF-coupled susceptor which was temperature con-
trolled at 1500 °C using an optical pyrometer. Silane (gas cylinder containing 3% in Ha)
and propane (3% in Hy) were used with a 3 sLpm flow of Hy carrier/co-reactant for SiC
epilayer growth. A flow of ultrapure hydrogen chloride gas (90 sccm) in a 3 sLpm flow of
hydrogen was used during a 1350 °C in situ etch just prior to epilayer growth. All gases
were mass flow controlled, including the ultra-pure hydrogen carrier-gas which was puri-
fied by using a heated-palladium diffusion cell. The epilayers were doped n-type by the
addition of phosphine (200 ppm PHj in Hs) or nitrogen (0.1% N» in Hy) and p-type by
the addition of diborane (100 ppm BoHg in Hy) or trimethylaluminum (bubbler config-
uration) into the reactor during epilayers growth. Secondary ion mass spectrometry
(SIMS) was performed [16] using a CAMECA IMS-4f double-focussing, magnetic sector
ion microanalyzer. Cesium bombardment was used for determination of hydrogen,
boron, phosphorous, and nitrogen atomic concentration profiles by using the detector in
a negative secondary ion detection mode to monitor H-, P- and the diatomic species
B(+C)-, N(+C)-, respectively. The aluminum and higher accuracy boron elemental con-
centrations were determined by using oxygen bombardment and a positive secondary
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ion detection mode. The sputter-time data was converted into depth data by measure-
ment of crater depths, by using a stylus profilometer. Capacitance—voltage (C-V') meas-
urements for B-doped epitaxial layers were obtained at 100 kHz on a mercury-probe
instrument with a mercury-Schottky (contact area = 1.64 x 1073 cm?), using the me-
chanical sample-hold-down paddle as the electrical ground on the back of the sample.
The low temperature photoluminescence (LTPL) was performed at 2K by immersing the
SiC samples in pumped liquid helium, and excited using the 3250 A radiation from a
He-Cd laser. The LTPL spectra were recorded on a 0.75 meter Spex monochromator
(10 A/mm), using a thermoelectrically cooled (—30°C) GaAs/CsO photomultiplier and
a photon counting system.

3. Site-Competition Epitaxial CVD

As already stated, the Si/C ratio within the growth reactor has a strong influence on
intentional and unintentional dopant incorporation during the epitaxial CVD growth of
6H, 3C (on 6H), 15R, and 4H-SiC. Specifically, the active n-type (nitrogen) carrier con-
centration was found to be directly proportional to the Si/C ratio, whereas, the active
p-type (aluminum) concentration was found to be inversely proportional to the Si/C
ratio for epitaxial growth on the SiC(0001)Si-face basal plane. For example, as the Si/C
ratio within the growth reactor was decreased by increasing the propane flow, the active
nitrogen concentration in the subsequently grown SiC epitaxial layers decreased. When
the Si/C ratio was decreased from Si/C = 0.44 to 0.1, the unintentionally doped epi-
taxial layers changed from n-type to p-type. As a result, both p-type and n-type epi-
layers have been produced with room temperature carrier concentrations of
<1 x 10 em™3, as measured by both mercury-probed C-V and LTPL [17]. Previously,
the unintentionally doped epilayers produced in our laboratory were exclusively n-type
with the lowest net carrier concentrations typically limited to about n = 2 x 10" cm™3.

Dopants in SiC are believed to occupy specific lattice sites, specifically nitrogen occu-
pies the carbon site (C-site) while aluminum (Al) occupies the silicon site (Si-site) of the
SiC lattice [18, 19]. Based upon this information, and on our experimental results of
decreasing the Si/C ratio, the relative increase in C concentration is proposed to “out-
compete” the N for the C-sites of the growing SiC lattice. The analogous situation exists
for an increased Si/C ratio, in which the relative increase in Si concentration “outcom-
petes” the Al for the Si-sites of the growing SiC lattice. This model has been previously
named “site-competition epitaxy” and was initially used to rationalize the experimental
results of active dopant dependence on the Si/C ratio. For example, a No flow resulting
in a reactor concentration of 100 ppm of N was introduced into the growth reactor
where the majority of the N was excluded from the growing epilayer by only decreasing
the Si/C ratio from about Si/C =0.44 to 0.1. Subsequent experiments using a Si/C
=0.1 with a 100 ppm of N resulted in consistently producing an intentionally N-doped
n-type SiC epilayer with a net carrier concentration of n =1 x 10" cm™. In contrast,
growth using the more typical Si/C = 0.44 with 100 ppm of N yields an n-type epilayers
of n =2 x 107 cm™3. For the epilayers grown using a Si/C=0.1 (n =1 x 10 cm™?),
the increased amount of C is believed to have outcompeted the N for the C-sites of the
growing SiC lattice.

To determine if the electrically measured results corresponded to actual atomic N
incorporation, a series of N doping profiles were grown and then characterized using
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mercury-probe C-V and SIMS. During
the growth of n-type doped epilayers, the
silane (200 ppm) and molecular nitrogen
(90 ppm) concentrations were held con-
stant while only the propane concentra-
tion was varied between 130 and
660 ppm. The N dopant profiles were
then characterized using SIMS and mer-
cury-probe C-V. The results from one
such experiment are shown in Fig. 1. The
SIMS profile (Fig.1 top) exhibits varia-
tions of atomic N concentration within
the grown epilayer from varying only the
Si/C ratio (between 0.5 and 0.1) during
epilayer growth. The net carrier concentration profile obtained from mercury-probe C-V
for the same sample (bottom of Fig. 1) correlates well with the SIMS profile. These
results indicate that site-competition epitaxy can be used to control N-dopant incorpora-
tion into electrically active crystal sites of the growing SiC epilayer. To date, use of the
site-competition epitaxial technique has been reported for control of phosphorus (P), Al
boron (B), and N dopant incorporation for the CVD of SiC(0001) Si-face and C-face epi-
layers of the various polytypes including 6H, 4H, 15R and 3C grown on 6H (3C/6H) [2, 3].
The remainder of the discussion of the site-competition effect is organized into sec-
tions for each specific dopant atom. This organization facilitates discussions of peculiari-
ties associated with each dopant atom, such as the co-incorporation and hole passivation
effect of hydrogen for B, the apparent reversal in site preference for N on the Si-face
(C-sites) versus the C-face (Si-site), and the significant difference in dopant incorporation
efficiency for each dopant atom when simultaneously incorporated into Si-face versus adja-
cent C-face SiC epilayers. Also for the following sections, 6H-SiC is referenced for clarity
and serves only as an example because the other common polytypes (i.e. 4H, 15R, and
3C/6H) exhibit similar dopant incorporation behavior to the site-competition effect.

Depth (um)

4. Phosphorus Doping

Phosphorus doping was studied to provide more data on the site-competition effect.
This is because phosphorus presently appears to have limited interest as a potential
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Fig. 2. SIMS depth profile of a phosphorus-doped epilayer simultaneously grown on a 6H-SiC(0001)
Si-face versus a C-face substrate. Initially, the propane flow is constant then the phosphine flow is
established. Then both the silane (20 sccm) and phosphine (100 sccm) flows are maintained con-
stant while the propane flow is varied (stepwise)

replacement for nitrogen, especially considering that the phosphorus donor is reported to
have only a slightly lower ionization energy (80 and 110 meV) [20] compared to that of
the nitrogen donor (82 and 140 meV) [21] in 6H-SiC. For n-type doping with P, the site-
competition effect is most consistent with the P atom mainly occupying the Si-sites. The
P dopant incorporation was determined to be inversely related to the Si/C ratio as
displayed in Fig. 2. As the propane flow was decreased, while maintaining a constant
silane (20 sccm) and phosphine (100 scem) flow, the SIMS determined P incorporation
also decreased within the Si-face 6H-SiC epilayer. These changes in P incorporation with
variation in the Si/C ratio are consistent with the P atom occupying the Si-sites of the
SiC crystal lattice. As the propane flow is increased, the amount of vacant Si-sites in-
creases which could allow enhanced P incorporation into the SiC epilayer.

Site-competition epitaxy had a pronounced effect for control of P dopant incorpora-
tion on both C-face and Si-face epilayers. As the propane flow was decreased, the P
incorporation also decreased (see Fig. 2). As the silane flow was increased and then de-
creased, the P incorporation decreased then increased, respectively (not shown). It is
believed that P is competing with Si for available Si-sites on the growing C-face SiC
epilayer. This effect can be rationalized by considering that the lattice site occupied by
each dopant atom is partly determined by the size of the dopant atom as compared to
the size of the Si or C atom. Specifically, the non-polar covalent radii for the elements of
interest are: Si (1.17A); C (0.77A); Al (126 A); B (0.82A); P (1.10A); and N
(0.74 A); [22]. Using atomic size as a first approximation (i.e. by neglecting chemical
bonding arguments), P should substitute for Si and not for C in the SiC lattice, which is
consistent with our experimental results.

5. Aluminum and Boron Doping

It was previously reported [3] that the concentration of Al dopant atoms incorporated
into a growing SiC epilayer can be decreased by increasing the silane concentration so

22 physica (b) 202/1
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that Si outcompetes Al for the Si-sites. For comparison, two different experiments that
were conducted used identical flows of TMA introduced into the reactor but employed
different Si/C ratios during epilayer growth. The resulting p-type epilayer grown with a
Si/C ratio of 0.44 was measured by C-V mercury probe to be 5 x 10'® cm™3, while the
epilayer grown using a Si/C ratio of 0.11 yielded a degenerately doped p-type epilayer
with an estimated net carrier concentration of 1x10' ecm™3. These experimental results
support the hypothesis that as the Si/C ratio is decreased from 0.44 to 0.1, the relative
amount of Si competing with the Al for the Si-sites of the SiC lattice also decreases,
which results in an increased Al incorporation.

The site-competition effect remains active even at such highly degenerate Al dopant
levels (i.e. although this effect is significantly diminished compared to the orders of mag-
nitude change observed at lower dopant concentrations). As clearly demonstrated in
Fig. 3, the concentration of Al incorporated into a growing SiC epilayer can be increased
by decreasing only the Si/C ratio within the reactor during epilayer growth. This is
accomplished by either increasing the C-source concentration (i.e. by increasing the pro-
pane flow into the reactor) or by decreasing the Si-source concentration in the CVD
reactor. In Fig. 3, the SIMS determined Al incorporation increased as the propane flow
was increased and also when the silane flow was decreased within the CVD reactor,
which clearly demonstrates competition between Si and Al for the Si-sites on the grow-
ing Si-face 6H-SiC epilayer.

In general, p-type doping of epilayers grown on the C-face 6H-SiC(0001) samples
was similar to that determined for the Si-face substrates. Both Al and B dopant
incorporation on the C-face exhibited a similar dependence on the Si/C ratio, as
previously described for the Si-face substrates. However, both Al and B incorporation
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Fig. 3. SIMS depth profile of an aluminum-doped epilayer simultaneously grown on a 6H-SiC(0001)
Si-face versus a C-face substrate. As the silane flow is varied during a constant propane flow, the
Al is outcompeted by Si for available Si-sites. As the propane flow is increased to 60 sccm, Al incor-
poration increases because of the increase in available Si-sites
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were markedly less efficient on the C-face substrates when compared to Si-face sub-
strates that were doped during the same growth run. For Al doped C-face epilayers,
the SIMS determined Al dopant incorporation was approximately 50x less than that
of the corresponding Si-face epilayer. Similarly, B-doped C-face epilayers also exhibited
a 50x lower atomic B concentration compared to simultaneously B-doped Si-face epi-
layers (see Fig. 4).

The similar behavior of B to Al is somewhat unexpected because B has been reported
to occupy both the Si-site and the C-site [19, 23 to 26], which would preclude effective
use of site-competition epitaxy for control of B doping in SiC. However, previous experi-
mental results support that B preferentially occupies the Si-site of the SiC lattice [4, 26].
This is because B incorporation into the SiC epilayer decreases as the silane concentra-
tion increases (i.e. increasing the Si/C ratio), which is consistent with the increased
amount of Si outcompeting the B for available Si-sites during growth of the SiC epi-
layer.

Conversely, boron incorporation can be increased by decreasing the Si/C ratio by
decreasing the silane concentration or, alternatively, increasing only the propane concen-
tration. Varying only the propane concentration for effective control of the boron doping
is illustrated in Fig. 4, in which the Si/C ratio was decreased stepwise during epilayer
growth by successive increases in propane flow while maintaining a constant silane
(200 at. ppm) and diborane (3.3 at. ppm) concentration. Here, the boron incorporation
in the epilayer increases as the propane concentration is increased because of the relative
decrease in the Si/C ratio within the growth reactor. This relative decrease in silicon
concentration enables the boron atoms to outcompete the silicon atoms for more of the
available Si-sites on the surface of the growing SiC epilayer, resulting in increased boron
incorporation.

To determine the reproducibility of the doping control, numerous B-doped SiC epi-
layers were grown during separate 2 h growth experiments, each using a constant Si/C

22%*
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ratio ranging from Si/C = 0.1 to 0.5. For selected epilayers, the SIMS determined ele-
mental boron concentration ([B]) was compared to the net carrier concentration mea-
sured using mercury-probe C-V. A typical epilayer grown using a Si/C =0.51 had a
C-V measured net carrier concentration of p = 5 x 10" cm™ as compared to a net car-
rier concentration of p = 3.5 x 107 ecm™® for an epilayer grown using a Si/C = 0.11 in a
separate experiment but with an identical reactor concentration of diborane (1.6 ppm).
SIMS analysis revealed an elemental B concentration of [B] = 6.5 x 10!® cm™3 for the
lower doped (p = 5 x 10 cm~?) epilayer and [B] 1x10' ecm™3 for the more highly boron-
doped (p = 3.5 x 10'" cm™3) SiC epilayer. The large increase in B incorporation resulting
solely from a change in the Si/C ratio illustrates 1. the strong dependency of the B
incorporation on the Si/C ratio used during epilayer growth and 2. the preferential B
occupancy of the Si-site versus the C-site.!)

6. Hydrogen Incorporation with Boron

6.1 Low temperature photoluminescence

Hydrogen incorporation was also revealed in the B-doped Si-face and C-face epilayers
via low temperature photoluminescence and by SIMS analysis [4]. Three B-doped SiC
epilayers, grown using identical Si/C ratios but with different diborane concentrations,
were subsequently examined using LTPL. Identical Si/C ratios were used in order to
eliminate potential effects of different propane concentrations on hydrogen incorpora-
tion, thereby isolating the hydrogen incorporation effect to only the change in diborane
concentration. The resulting spectra, shown in Fig. 5a, reveal that a significant amount
of hydrogen was contained in each of the B-doped epilayers. The most prominent line
(at 4193 A and labelled Hs), observed both in hydrogen-ion implanted SiC [27, 28] and
in CVD grown SiC epilayers [29], has been previously assigned to a hydrogen center.
The Hj line intensity increased, relative to the two N bound exciton lines (Sy and
Ry), as the C-V mnet carrier concentration increased for the sample series
p=2x10%,7x 10", and 2 x 10'® cm=3. This correlation of increased Hj intensity
with increasing p-type character suggests that the hydrogen incorporation is directly
proportional to the amount of B incorporated into the SiC epilayer.

The intensity of all hydrogen related spectra decreases after the samples are sub-
jected to a 1700 °C anneal in argon for 0.5h (see Fig. 5b). In comparing the results
shown in Fig. 5b with those of a, it becomes evident that the Hj line intensity has
severely decreased relative to Sy, a nitrogen bound exciton line. This indicates that
either most of the hydrogen has diffused out of the SiC epilayer or the optical activ-
ity of the hydrogen has been altered. Also note that lines related to the boron center
in 6H-SiC, as recently published for B implanted 6H-SiC [30], were not observed
before or after the high temperature anneal, which is less understood and still under
investigation.

1) Note: More quantitative electrical comparison of these samples is not reliable because of the
differing unintentional elemental nitrogen concentrations contained in these epilayers resulting from
the relative decrease in propane concentration when changing the Si/C ratio from Si/C = 0.51 to
0.11 (Np = 4.5 x 106 versus Np = 5 x 10'° cm ™) combined with the uncertainty in SIMS determi-
nations of these relatively low nitrogen concentrations.
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Fig. 5. a) LTPL spectra of three 6H-SiC epilayers before anneal, with decreasing hydrogen-related
line intensities (labelled Hj). Corresponding to the decrease in Hj line intensities, the samples had
decreasing measured net carrier concentrations of I: p =2 x 106 cm™3, II: 7 x 10" cm™3, and III:
2 x 10" em™3. The LTPL spectra were normalized relative to the intensity of Sy, one of the nitro-
gen bound exciton LTPL lines. b) LTPL spectroscopy of the samples after a 1700 °C anneal in
argon for 0.5 h revealed a relative decrease in the intensity of the hydrogen related line (labelled
Hs). The insets of the LTPL spectra from 4190 to 4200 A illustrate that a small amount of hydro-
gen remained in the epilayers following the high temperature anneal

6.2 SIMS analysis for hydrogen

Epilayers containing stepped increases in B concentration [B], from only varying the Si/C
ratio, were prepared as described in Fig. 6 and subsequently analyzed for hydrogen using
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Fig. 6. The SIMS determined atomic
boron concentration increased as the
Si/C ratio was decreased by chan-
ging only the propane flow (stepwise
in 10 scem increments from 15 sccm
to 45 sccm) while maintaining a con-
stant silane (20 sccm) and diborane
(50 sccm) flow during the CVD G6H-
SiC epilayer growth

Fig. 7. A) SIMS analysis of a boron-
doped, Si-face SiC epilayer revealed
that prior to anneal the hydrogen con-
centration increased as the boron con-
centration increased within the CVD
SiC epilayer. B) SIMS analysis after
an anneal in argon at 1700 °C (0.5 h)
revealed that the hydrogen concentra-
tion is at or below the H-detection
limit of the SIMS instrument, indicat-
ing the outdiffusion of hydrogen dur-
ing the high temperature anneal. Also,
no significant solid state diffusion of
boron was detected, as evidenced by
the continued sharpness of the boron
concentration profile
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SIMS. This was done to 1. confirm that hydrogen and B incorporation are related and
2. determine whether the hydrogen was removed or if its optical activity was simply
altered as a result of the 1700 °C anneal. The results of SIMS analysis of the [B]-stepped
epilayer, prior to the high temperature anneal, are displayed in Fig. 7A. The increase in
hydrogen concentration is observed to correspond with the increase in B concentration
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%) Note: This can be explained by considering that lower mass elements are more affected by the
geometric effects of deep craters (i.e. greater than 6 um sputter-depth) and that the resulting field
perturbations “scatter” the lower mass ions more readily than the relatively heavier ions (e.g. in
comparing B(+C)- to H-signals as a function of sputter depth).
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layer is below the hydrogen background concentration (<2 x 10'” cm™3) in the SIMS
instrument. Also, it is interesting to note that B does not seem to undergo appreciable
solid state diffusion as a result of the 1700 °C anneal, which is evidenced by the contin-
ued sharpness of the [B]-profile displayed in Fig. 7B.

6.3 Hydrogen passivation of acceptors

A significant concentration of hole-passivating hydrogen is also incorporated during the
growth of the B-doped epilayer. To determine the extent of hydrogen passivation of
dopants, the sample series discussed in Fig. 8 was examined using mercury-probe C-V
before and after a high temperature anneal in argon. The C-V results after a 1700 °C
anneal, versus before the anneal, indicate a three- to fourfold increase in the net carrier
concentration for all three doping levels (see Fig. 8). This increase indicates that, prior
to the anneal, hydrogen was passivating the acceptor atoms of the B-doped SiC epi-
layers. The amount of hydrogen-passivated acceptors was estimated for each sample by
a comparison of the measured net carrier concentration (at V = 0) before and after the
1700 °C anneal. The increase in carrier concentration, due to the reduction in hydrogen-

Fig. 9. After Reinke et al. [26] in which they propose that B substitute into a Si-site and that the
hole resides on an adjacent C atom p-orbital as a result of an electron transfer from the adjacent C
to the B atom. The “B—H” species is now proposed as the source of the hole-passivating H which is
simultaneously incorporated into the growing B doped CVD epilayer. In this way, the H could be
considered to passivate the B, thereby preventing the formation of a hole by interfering in the elec-
tron transfer process from the adjacent C to the B atom. This transfer could then be enabled by
the removal of H from the crystal via the high temperature anneal, consistent with post-anneal
C-V measurements



SiC Dopant Incorporation Control Using Site-Competition CVD 317

passivation with post-anneal, was approximately 4.5x,3x, and 3.25x for the three sam-
ples with post-anneal net carrier concentrations of p =9 x 10", 1.9 x 10'®, and
6.5 x 10'6 em™2, respectively [4].

By using atomic size as a first approximation to explain the preference for B incor-
poration into the Si-site (i.e. by neglecting chemical bonding arguments), the nonpolar
covalent radii for the elements of interest are: Si (1.17 A); C (0.77 A); and B (0.82 A);
[22]. The more closely matched atomic size of B to C suggests that B should substitute
mainly for C in the C-sites, which is in direct conflict with experimental evidence [4, 32].
However, a considerable amount of hole-passivating hydrogen is simultaneously incorpo-
rated into the growing B doped CVD epilayer and therefore a “B—H” species could be
considered as the substitutional species. In this case, a “B—H” species would have a size
(=1.10 A) more closely matched with that of Si (1.17 A) and therefore should occupy a
Si-site, in agreement with the experimental results. Because this is only a first approxi-
mation, it does not imply that B substitutes exclusively into the Si-sites but rather that
Si-site substitution is favored because of the larger effective size of the proposed “B-H”
species.

This rationale is also consistent with the results reported by Reinke et al. [26] in
which they propose that B substitutes into a Si-site and that the hole resides on a adja-
cent C atom as a result of an electron transfer from an adjacent C to the B atom. The
H atom could be considered to passivate the B, thereby preventing the formation of a
hole by interfering in the electron transfer from the adjacent C to the B atom (see
Fig. 9). This transfer could then be enabled by the removal of hydrogen from the crystal
via the high temperature anneal which is consistent with the C-V measured three-fold
increase in net hole concentration as previously discussed above.

7. Nitrogen Doping

In contrast to the similar doping results on the C-face and Si-face for the other three
dopants, N doped epilayers on the 6H-SiC(0001) C-face revealed a more complex re-
sponse of N incorporation with a change in the Si/C ratio. As shown in Fig. 10, the
SIMS determined atomic N concentration contained in the C-face epilayer initially de-
creases as the unintentional background nitrogen in the CVD system slowly decreases
during the start of epilayer growth. The N incorporation then decreases as the propane
flow is decreased (from 50 to 15 sccm), which is directly opposite to the site-competition
effect for the Si-face epilayers. It is important to note that the (C-face) N incorporation
decreases despite the simultaneous introduction of 100 sccm of nitrogen into the CVD
reactor, which demonstrates the dominant effect of the Si/C ratio on dopant incorpora-
tion. As the propane flow is subsequently increased stepwise, the C-face N incorporation
initially increases from 3 x 10 to 6 x 10 cm™ and then decreases stepwise to
3 x 10" em™3, coinciding with the stepwise increases in propane flow.

The N doping on the Si-face is consistent with the proposed site-competition mechan-
ism, in which the relatively small N atoms compete with C atoms for available C-sites.
However, the results from using site-competition epitaxy on the C-face are not as easily
understood. SIMS analysis of N-doped C-face epilayers indicate that N-incorporation
initially increases with increasing propane flow. This increase in N-incorporation for the
C-face reaches a maximum and subsequent increases in propane flow result in a decrease
in N-incorporation, which is similar to site-competition for Si-face epilayers.
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This can be understood by considering the relatively small size of the N atom
(0.74 A) which would allow possible substitution into both the C-site and the Si-site.
For example, in Fig. 10 the Si-face substrates have very low unintentional (i.e. at
Ny = 0scem) N-dopant incorporation when grown in excess propane (C3Hg = 50 scem)
at the start of the epilayer growth. In contrast, the C-face 6H-SiC epilayer initially de-
monstrated a large amount of unintentional N incorporation (also at CsHg = 50 sccm).
The propane flow was then decreased (C3Hg = 15 sccm) resulting in a decreased N incor-
poration for the C-face despite the simultaneous introduction of nitrogen (100 sccm).
This is consistent with N mainly occupying the Si-sites on the C-face. As the propane
flow was then increased, as shown in Fig. 10 (C3Hg = 20 sccm), the N-dopant incorpora-
tion increases for the C-face which is consistent with N substituting into Si-sites. How-
ever, further stepwise increases in propane flow (in excess of 20 sccm) appears to reverse
this effect for the C-face, resulting in a stepwise decrease in N-dopant incorporation (for
C3Hg = 25 to 35 sccm) which is consistent with the excess C competing with N for the
C-sites.

These results of using site-competition on the C-face are consistent with the N-
dopant atoms preferentially substituting into the Si-sites for propane flows less than
20 sccm. As the propane flow is then increased further from CsHg =20 to 35 sccm,
the decrease in SIMS-determined N incorporation is more consistent with N substi-
tution into the C-sites, which is similar to the Si-face results. Work is continuing to
further elucidate the site-competition mechanism on both the Si-face as compared to the

C-face of SiC.
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8. Conclusion

Site-competition epitaxy has been successfully used for p-type and n-type dopant control
on both the Si-face and C-face of 6H-SiC(0001) off-axis substrates. The doping results
for the C-face provides supporting evidence that the site-competition effect is highly
dependent on the SiC polarity but not significantly affected by the polytype. The results
for both the 6H- and 4H-SiC Si-face samples were similar whereas the 6H-SiC C-face
samples yielded significantly different results, most dramatically for N-doped epilayers.
It also becomes obvious, in comparing the results from simultaneous growth of N-doped
epilayers on the C-face and Si-face, that the site-competition mechanism is dominated
by surface chemistry of the SiC substrate and relatively less on gas phase interactions.

For p-type doping, the Al and B dopant incorporation increased as the Si/C ratio was
decreased by increasing the propane flow on both polar faces. Similarly, the P dopant
incorporation also increased on both the Si-face and C-face as the Si/C ratio was inten-
tionally decreased from either a decrease in the silane flow or increase in the flow of
propane during epilayer growth. This is consistent with the P, Al, and B competing
with Si for the available Si-sites.

The apparent site preference for each dopant can be partially rationalized by consider-
ing their atomic sizes relative to the sizes of Si (Si-site) and C (C-site). Here, the P and
Al atoms are clearly too large for incorporation into the C-site without significantly
distorting the lattice spacing, whereas B needs further explanation. Because a significant
amount of H is incorporated with B we must consider the relative size of B to possibly
be of a “B—H” species. For this situation, the effective size of the “B—H” species is also
too large and will not easily fit into the C-sites without significantly altering the SiC
lattice dimensions. In contrast, the relatively small size of the N dopant atom theoreti-
cally allows incorporation into either of the lattice sites. Therefore, it is now proposed
that N doping on the Si-face could result in N incorporation into both the Si-site and
the C-site, with N potentially having a preferred incorporation into the C-site. In con-
trast, for N doping on the C-face, N appears to mainly incorporate into Si-sites with
relatively less incorporation into C-sites. Therefore, the originally proposed site-competi-
tion mechanism needs modification to possibly account for N dopant incorporation into
both Si-sites and C-sites, in which the degree of incorporation for each site (i.e. Si-site
versus C-site) could be dependent upon the growth surface polarity (i.e. Si-farce or
C-face).

Acknowledgements The author would like to recognize the contributions of collea-
gues at NASA Lewis Research Center and the University of Pittsburgh. The author
would also like to thank the reviewer for the excellent comments. This work was sup-
ported using internal NASA funding.

References

[1] Cree Research, Inc., Data Sheet 4/91.

[2] D. J. LARKIN, P. G. NEUDECK, J. A. POWELL, and L. G. MATUs, Inst. Phys. Conf. Ser. No.
137, 51 (1994).

[3] D. J. LARKIN, P. G. NEUDECK, J. A. POWELL, and L. G. MATUS, Appl. Phys. Lett. 65, 1659
(1994).

[4] D. J. LARKIN, S. G. SRIDHARA, R. P. DEvATY, and W. J. CHOYKE, J. Electronic Mater. 24,
289 (1995).



320 D. J. LARKIN: SiC Dopant Incorporation Control Using Site-Competition CVD

[5] D. J. LARKIN, Inst. Phys. Conf. Ser. No. 142, 23 (1995).

[6] S. KARMANN, L. D. Cioccio, B. BLANCHARD, T. OuissE, D. MUYARD, and C. JAUSSAUD,
Mater. Sci. Engng. B 29, 134 (1995).

[7] R. Rupp, P. LANIG, R. SCHORNER, K.-O. DOHNKE, J. VOLKL, and D. STEPHANI, Inst. Phys.
Conf. Ser. No. 142, 185 (1995).

[8] M. A. TISCHLER, private communication.

[9] A. A. BURK, JR., et al., Inst. Phys. Conf. Ser. No. 137, 29 (1994).

[10] P. G. NEUDECK, D. J. LARKIN, J. A. PowgLL, L. G. MATus, and C. S. SALUPO, Appl.
Phys. Lett. 64, 1386 (1994).

[11] J. B. PETIT, P. G. NEUDECK, C. S. SALUPO, D. J. LARKIN, and J. A. POWELL, Inst. Phys.
Conf. Ser. No. 137, 679 (1994).

[12] P. G. NEUDECK, J. B. PETIT, and C. S. SALUPO, 2nd Internat. High Temperature Electronic
Conference, Vol. 1, Eds. D. B. KING and F. V. THOMES, Sandia National Laboratories, Char-
lotte (NC), 1994 (p. X).

[13] Cree Research, Inc., Durham, NC, 27713.

(14] J. A. POowELL, L. G. MatTus, and M. A. KuczMARSKI, J. Electrochem. Soc. 134, 1558 (1987).

[15] J. A. PowgLL, D. J. LARKIN, L. G. MaTus, W. J. CHOYKE, J. L. BRADSHAW, L. HENDER-
SON, M. YOGANATHAN, J. YANG, and P. PIRoUZ, Appl. Phys. Lett. 56, 1442 (1990).

[16] Charles Evans & Associates, Redwood City, CA, 94063.

[17] M. YOGANATHAN, W. J. CHOYKE, R. P. DEvATY, and P. G. NEUDECK, J. Appl. Phys. 80,
1763 (1996).

[18] W. J. CHOYKE, in: The Physics and Chemistry of Carbides, Nitrides, and Borides, Vol. 185,
Kluwer Academic Publ., Dordrecht 1990 (p. 863).

[19] R. F. Davis and J. T. GLAss, in: Advances in Solid-State Chemistry, Vol. 2, Ed. C. R. A.
CaTtLow, JAI Press, Ltd., London 1991 (p. 1).

[20] T. TROFFER, C. PEPPERMULLER, G. PENSL, K. ROTTNER, and A. SCHONER, J. Appl. Phys.
80, 3739 (1996).

[21] C. RayNAUD, F. DUCROQUET, G. GUILLOT, L. M. PORTER, and R. F. Davis, J. Appl. Phys.
76, 1956 (1994).

[22] K. F. PURCELL and J. C. KoTz, Inorganic Chemistry, W. B. Saunders Co., Philadelphia (PA)
1977.

[23] H. H. WooDBURY and G. W. Lubwig, Phys. Rev. 124, 1083 (1961).

[24] A. I. VEINGER, G. A. Vopakov, Y. I. KozLov, G. A. LoMAKINA, E. I. MokHOV, V. G.
ODING, and V. I. SOKOLOV, Soviet Phys. — J. Tech. Phys. Lett. 6, 566 (1980).

[25] A. G. ZuBaTov, I. M. ZARriTskil, S. N. LukiN, E. N. MokHOV, and V. G. STEPANOV, So-
viet. Phys. — Solid State 27, 197 (1985).

[26] J. REINKE, S. GREULICH-WEBER, J.-M. SPAETH, E. N. KALABUKHOVA, S. N. LUKIN, and
E. N. MokHOV, Inst. Phys. Conf. Ser. No. 137, 211 (1994).

[27] L. PATRICK, and W. J. CHOYKE, Phys. Rev. B 9, 1997 (1974).

[28] W. J. CHOYKE, P. J. DEAN, and L. PATRICK, Phys. Rev. B 10, 2554 (1974).

[29] L. L. CLEMEN, W. J. CHOYKE, A. A. BURK, JR., D. J. LARKIN, and J. A. POWELL, Inst.
Phys. Conf. Ser. No. 137, 227 (1993).

[30] C. PEPPERMULLER, R. HELBIG, K. ROTTNER, and A. SCHONER, Appl. Phys. Lett. 70, 1014
(1997).

[31] S. A. STOCKMAN and G. E. STILLMAN, Mater. Sci. Forum 148/149, 501 (1994).

[32] J. REINKE, R. MULLER, M. FEEGE, S. GREULICH-WEBER, and J.-M. SPAETH, Mater. Sci.
Forum 143/147, 63 (1994).



